A new type of resilient-pad gas thrust bearing that does not contain any elastomers in the bearing assembly is described and analyzed. The bearing consists of sectorshaped pads mounted asymmetrically on resilient foil beams. Each pad deflects under load so as to form a load-supporting wedge of film. Equations for pad deflection are derived from the beam deflection equation and are used in conjunction with solutions for a compressibly lubricated flat slider to determine the operating characteristics of the resilient pad.
A new type of resilient-pad gas thrust bearing that does not contain any elastomers in the bearing assembly is described and analyzed. The bearing consists of sector-shaped pads mounted asymmetrically on resilient foil beams. The effects of bearing design parameters on performance are shown. Performance of a resilient-pad bearing is compared with that of a pivoted-pad bearing.
INTRODUCTION
One of the problems encountered in the development and application of gas bearings is their sensitivity to contaminant particles, such as dirt, in the gas because they operate with small film thicknesses. In addition, the materials used in gas bearings generally have poorer tolerance to the ingestion of dirt. Gas bearing materials are harder, because of the high precision required, and have poorer embeddability than do the materials used in conventional hydrodynamic bearings. These two factorsthinner films and hard face materialscombine to make rigid-geometry gas bearings very sensitive to contaminants.
The general approach taken to make gas bearings more tolerant to dirt ingestion is to develop bearings with flexible or compliant geometries, which prevent localized loading of the bearing surface, in place of conventional rigid-surface-geometry bearings. Considerable work has been done on foil bearings (refs. 1 to 4). In references 3 and 4 successful applications of foil bearings to high-speed turbomachines are reported. Foil bearings of both the tensioned type (refs. 2 and 3) and the overlapping cantilevered type (ref. 4 ) have been more successful as journal bearings than as thrust bearings.
Gas bearings with compliant surfaces of rubberlike material are also being considered. Originally developed for marine applications (refs. 5 and 6), rubber-face bearings have recently been the subject of several investigations as gas bearings (refs. 7 to 10). They have some interesting properties and indicate promise, but they are temperature limited because of the presence of an elastomeric material.
Bearings with rigid-geometry load-carrying surfaces, but with one of the loadcarrying elements (such as pads or steps) mounted on a compliant backing, are also being investigated (ref. 11 and unpublished data from Shapiro, Chu, and Kramberger of Franklin Institute Research Laboratories). Shapiro and coworkers report success with thrust bearings having rigid, graphitic-carbon pads in which the pads are mounted on a rubber back. This bearing performs well but is again temperature limited by the presence of an elastomer.
The bearing concept analyzed in this report was conceived with two objectives in mind: to provide a bearing with better tolerance to dirt ingestion by incorporating compliance or resilience into the bearing structure and to accomplish this with all-metallic components, which would make the bearing suitable for high-temperature operation. The concept, as applied to a thrust bearing, consists of a number of rigid, sector-shaped pads, each mounted asymmetrically on a flexible beam between radial spokes which act as supports. A schematic of a resilient-pad bearing with six pads is shown in figure 1 . 
SYMBOLS

ANALYSIS
The bearing analyzed is a thrust bearing which consists of several rigid, sectorshaped pads, each mounted on the same flexible foil plate. The foil plate is mounted in turn on a supporting structure consisting of radial spokes. Each pad is located asymmetrically between the radial spokes. Each foil plate sector between radial spokes is considered to be a flexible beam. The beams can be mounted on the radial spokes with either simple supports (no constraint on the beam slope at each spoke) or constrained supports (the beam slope constrained to be zero at each spoke). A schematic of a single pad and beam arrangement with simple supports is shown in figure 2(a), and a schematic of a pad and beam with constrained supports is shown in figure 3(a).
Equations for the slope of the pad and for the axial stiffness of the pad mount were developed from beam theory for the two cases: simple and constrained supports. Freebody diagrams for the beam and pad with simple supports are shown in figures 2(b) and (c), and those for the beam and pad with constrained supports are shown in figures 3(b) and (c). Appendix A outlines the derivation of the equations for pad slope and pad mount axial stiffness for the case of simple supports, and appendix B for the case of constrained supports. For each case the slope and stiffness are functions of the beam asym metry b/a, the beam elastic constant EI, the pad dimension in the direction of motion 1, the pad load P, and the location of the center of pressure on the pad S 2 /1.
These equations are solved simultaneously with the compressible-flow Reynolds equation applied to a flat slider to obtain the operating characteristics of a pad mounted on a flexible beam. As an initial approach a bearing geometry utilizing a square pad was chosen so that published solutions which define the performance of a compressibly lubricated square pad could be used.
The bearing geometry chosen for design and the procedure followed for optimizing the design parameters for a given operating condition are given in the next section. Finally, the steps followed to determine the operating characteristics of the bearing over a range of operating speeds are outlined, and an example is presented.
DESIGN PROCEDURE
A six-pad bearing having the following dimensions was chosen for the design: In the design procedure the assumption is made that the sector-shaped pad behaves as a rectangular pad with a length in the direction of motion 1 equal to the arc length along the mean radius Rm and a width normal to the direction of motion equal to R o -R i . Beam dimensions a and b are also taken along the mean radius Rm, and beam width is taken as R o -R i . The velocity of sliding v is calculated along the mean radius R m DESIGN OPTIMIZATION The first step was to determine the design parameters for optimum operation at a given A. A A value of 40 was chosen because curves of dimensionless load P/Apal(R o -R i ) as a function of film thickness ratio h 1 /h 2 were available in reference 12 for A values of 1, 10, and 40. A A value of 40 represents a reasonable pad load. The curves of reference 12 are shown in figure 4 . For optimum load capacity at A = 40 (maximum value of dimensionless load) hl/h 2 = 3.6. The pad load is then 11. 5 newtons (2. 58 lb). This value represents a pad load pressure of 3. 19x10 4 newtons per square meter (4. 59 psi). The location of the center of pressure S 2 /1 for A = 40 and hl/h 2 = 3. 6 is obtained from figure 5 (ref. 12) .
Everything required to solve for the pad slope 8 for a chosen set of values of b/a, E, and I is now known. Equation (A20) is used for simple supports and equation (B22) for constrained supports. From geometry
The value of h 2 is calculated and used to determine the rotative speed N from the bearing characteristic number A 10APah2 2nrRm l
The operating speeds N for optimum operation at various values of beam thickness t and length ratio b/a were determined for both simple and constrained supports at three values of A. These results are listed for constrained supports in table I and for  simple supports in table II. The results for three values of t and values of b/a from 1. 2 to 2. 0 for constrained supports are plotted in figure 6 . The beam material is molybdenum (E = 3.47x101 1 N/m 2 (50x106 psi)). The design parameters chosen for the bearing were t = 0. 254 millimeter (0. 010 in. ) and b/a = 1.7. These values result in optimum load capacity at N = 25 000 rpm for a pad load pressure of 3. 19x104 newtons per square meter (4.59 psi).
The procedure for determining the mount axial stiffness Km, which must be known to calculate axial resonances, is quite similar; K m is calculated for simple supports by using equations (A21) and (B23). The results for constrained supports are shown in figure 7. The axial stiffness is almost a pure function of t, the beam thickness. It is almost independent of b/a. Curves are shown for A = 1 as well as for A = 40; they indicate very little dependence on load over the range investigated.
The results obtained for simple supports are almost identical with those for constrained supports, and for that reason are not shown. Figure 8 shows minimum film thickness as a function of speed for both bearing types.
OPERATING CHARACTERISTICS AT CONSTANT LOAD
After designing a bearing for optimum load capacity at a given speed and pad load, it was necessary to determine its operating characteristics over a range of operating speeds. To do this, it was necessary to interpolate among the A values of 1, 10, and 40 to establish curves such as those of figure 4 for other values of A. It is recognized that this is an approximate procedure. The more accurate procedure would be to obtain numerical solutions to the compressible flow Reynolds equation at the desired A values. This is a tedious and expensive approach, however, and one not considered warranted until a thorough experimental evaluation of the concept is completed.
Values of P were chosen which will result in intercepts of the dimensionless load parameter P/Apa 1 (R o -R i ) with curves of constant A such as those of figure 4 . For each intercept a value of hl/h 2 is obtained. Values of S2/1 are obtained from curves such as those in figure 5 . As before, this yields the information required to solve for 0 and h 2 . A value of N at each intercept point in figure 4 can then be calculated.
Results for both simple and constrained supports at two load values are listed in tables III and IV. Figure 9 shows a plot of minimum film thickness as a function of speed for the constrained support bearing at three pad load values. Figure 4 shows the operating line for the optimized bearing design at P = 9.46 newtons (2. 13 lb). This corresponds to a pad load pressure of 2. 63x104 newtons per square meter (3. 79 psi). Before startup, if the pad is loaded, the deflection characteristics are such that the runner touches the pad at its trailing edge and h 1 /h 2 = co. When rotation of the runner ensues, lift-off occurs and hl/h 2 quickly drops to a finite value. Points on the bearing operating line indicate where the bearing operates at different speeds. With increasing speed hl/h 2 decreases because of greater lift-off. Optimum operation is at a speed of approximately 25 000 rpm. Figure 10 shows the operating line for the optimized bearing design at P = 4.05 newtons (0.91 lb), which corresponds to a load pressure of 1. 12x104 newtons per square meter (1. 62 psi). Note that optimum operation occurs at a speed of 3060 rpm. The lower the load, the more quickly the pad lifts off and reaches its optimum operating condition.
COMPARISON WITH A PIVOTED-PAD BEARING
A resilient-pad bearing resembles a pivoted-pad bearing in the way it functions, so a comparison of its operating characteristics with those of a similar pivoted-pad bearing is of interest. Figure 11 shows a plot of minimum film thickness as a function of speed for both bearing types. A pivot position of 0. 685 was chosen for the pivoted-pad bearing to give optimum performance at the design point for which the resilient-pad bearing was optimized. As expected, the performance of both bearings at the design point is identical. At speeds above and below the design point, the pivoted-pad bearing is slightly superior. The differences in film thickness are quite small over a wide speed range, however. This indicates that the potential advantages of the resilient-pad bearing, such as greater tolerance to dirt ingestion, good initial lift-off characteristics, and operating capability over a wide temperature range, can be utilized with only a small sacrifice in performance.
SUMMARY OF RESULTS
The procedure for optimizing the design of an all-metallic resilient-pad gaslubricated thrust bearing for operation at a given set of design conditions was shown to be straightforward. The operating characteristics of an optimized bearing design were determined for a range of operating speeds. The performance of a resilient-pad bearing was equal to that of a pivoted -pad bearing at its design point with only a slightly lower film thickness at speeds above and below the design speed. The advantages of the resilient-pad bearing, that is, greater tolerance to dirt ingestion, good initial lift-off characteristics, and operating capability over a wide temperature range, could thus be utilized with very little performance penalty. For the entire beam
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The axial stiffness of the pad mount Km is
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